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ABSTRACT 

Stimulation of phosphoinositide-specific phospholipase C (PLC) 
by muscarinic cholinergic and serotoninergic agonists was meas- 
ured in rat brain cortical membranes by using exogenously 
supplied substrates. Serotonin, tryptamine, 5-fluorotryptamine 
and 5-methyltryptamine stimulated PLC with ECs values of 1.7, 
11.2, 15.0, and 29.4 uM, respectively. Maximal PLC stimulation 
by serotoninergic agonists, which were all equally efficacious, 
was about 30% of that attained by carbachol. Ketanserin blocked 
serotoninergic but not cholinergic activation of PLC, whereas, 
conversely, atropine blocked the latter but not the former re- 
sponse. The rank order of potency for muscarinic agonists was 
oxotremorine-M > pilocarpine = arecoline > carbachol = betha- 
necol. Unlike the case with tissue slices, all of these muscarinic 
agonists exhibited full efficacy in this assay of PLC stimulation. 


The phosphoinositide signalling pathway couples hormone 
or neurotransmitter/receptor interactions to cellular responses. 
Phosphoinositide-specific PLC is activated in brain cortex by 
a variety of different neurotransmitters including acetylcholine, 
histamine, serotonin and norepinephrine (Fisher and Agranoff, 
1987; Chuang, 1989). The activation of PLC is accomplished 
through a transduction process that involves guanine nucleo- 
tide-binding regulatory proteins (Fain et al., 1988; Fain, 1990). 
Whereas in some tissues, the relevant G protein for PLC 
activation is sensitive to pertussis toxin, this has not been a 
general finding. Thus, the identity of the G protein coupling to 
most neurotransmitter receptors and PLC is not established. 
Indeed, there may be various different G proteins linked to 
PLC activation in different ways. We have recently developed 
an assay system for measuring agonist stimulation of PLC in 
rat brain cortical membranes by using exogenous phosphoino- 
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Activation of PLC by the neurotransmitters or their analogs was 
dependent on the addition of guanosine 3’-O-thiotriphosphate 
(GTPyS). Stimulation of PLC by GTP7S alone or in combination 
with 5-methyitryptamine had an apparent ECs, of about 0.4 uM. 
However, when carbachol or other muscarinic agonists were 
used, the ECso for GTPyS was significantly lower. We have 
previously shown that dopamine working through D1 receptors 
inhibits the PLC response to carbachol by preventing this shift 
in the apparent EC., for GTPyS. Dopamine did not have a similar 
effect on 5-methyitryptamine stimulation of PLC. The results 
indicate that the postreceptor mechanisms of PLC activation are 
distinct for muscarinic as opposed to serotoninergic agonists in 
brain cortex. 


sitides as substrates (Claro et al., 1989). In this system, we have 
characterized the guanine nucleotide dependence for carbachol 
stimulation of PLC. We have also studied the ionic require- 
ments for PLC activation and compared the various phosphoi- 
nositides (PI, phosphatidylinositol 4-phosphate and PIP.) as 
substrates for the enzyme. In addition, our assay system has 
revealed neurotransmitter-regulated inhibitory control over 
PLC activity. Dopamine was found to inhibit muscarinic stim- 
ulation of PLC in the rat cortical membranes (Wallace and 
Claro, 1990). The inhibition is mediated through D1 receptors 
and involves an apparent increase in the guanine nucleotide 
requirements for muscarinic activation of PLC. 

In the study reported here, we have developed a pharmaco- 
logical characterization of the muscarinic response in this as- 
say. We have compared the muscarinic response to that elicited 
by serotoninergic agonists, particularly in regard to their guan- 
ine nucleotide sensitivities. Finally, we tested to see if DA 
elicits the same inhibitory effect over the serotoninergic system 
as it does over the muscarinic. 


Materials and Methods 


The preparation of membranes from rat brain cortical slices is 
described in detail by Claro et al. (1989). In brief, rat brain cortex was 


ABBREVIATIONS: PLC, phospholipase C; PI, phosphatidylinositol; PIP2, phosphatidylinositol 4,5-bisphosphate; DA, dopamine; EGTA, ethylene 
glycol-bis(8-aminoethyl ether)-N,N,N’,N’,-tetraacetic acid; GTPyS, guanosine 3’-O-thiotriphosphate; CCh, carbachol; 5-MT, 5-methyitryptamine. 
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chopped into miniprisms which were incubated at 37°C for 15 min in 
Krebs-Henseleit buffer without calcium. The miniprisms were then 
homogenized at 4°C in a hypotonic buffer (20 mM Tris-HCl, pH 7, 
containing 1 mM EGTA), and a crude membrane preparation was 
isolated by repeated centrifugations and rehomogenizations in the 
hypotonic buffer. In most experiments reported here, the preparation 
was exactly as described previously. In some instances, the centrifu- 
gation speed was increased to give a relative centrifugal force of 39,000 
x g rather than the usual 3,300 x g, which we have found to increase 
the yield of neurotransmitter responsive membranes (noted as “high- 
speed membranes”). 

PLC activity was assayed with either 100 uM [*H]PI (~1.3 yuCi/ 
mmol) or 30 uM [3H}PIP, (~4 «Ci/mmol) as substrates. When P’! was 
the substrate, the assay buffer contained 10 mM Tris-maleate (pH 6.8), 
1 mM deoxycholate, 8 mM LiCl, 6 mM MgCl, 3 mM EGTA and 
sufficient CaCl, to yield a final free Ca** concentration of 0.3 uM (as 
calculated in Harafugi and Ogawa, 1980). These assays were run for 20 
min at 37°C. When PIP, was the substrate, the free Ca** concentration 
was 0.03 to 0.05 uM, 2 mM ATP, was added to the buffer and the assay 
time was 10 min. The radiolabeled and nonradioactive substrate phos- 
pholipids were mixed and dried out of their organic solvents under N2. 
Then, they were resuspended by sonication into water plus deoxycho- 
late before being added to the test assays. 

The PLC assay volume was 100 ul containing 100 ug of membrane 
protein. Reactions were initiated by the addition of cold membranes to 
the prewarmed assay buffer containing the substrate and any other 
additions. The cold membranes were initially resuspended in 10 mM 
Tris-maleate (pH 6.8). The membranes were equilibrated with antag- 
Onists and, in some cases, with agonists in this simple Tris-maleate 
buffer at room temperature for 30 min before the reactions were started 
so that binding of a particular compound would be at equilibrium. 
Reactions were stopped by the addition of 1.2 ml of chloro- 
form:methanol (1:2). Chloroform (0.5 ml) and 0.25 M HCl (0.5 ml) 
were added and the reaction mixtures were thoroughly vortexed. The 
phases were allowed to separate and then, after centrifugation, a 1-ml 
sample of the upper aqueous phase was mixed with 4 to 5 ml of Ecolume 
(ICN Inc., Irvine, CA) for scintillation counting. 

(7H)PI in the absence of ATP was used as substrate when dose- 
response curves were constructed for muscarinic cholinergic agonists 
and in experiments with DA. This permits study of PLC activation 
without the complications which might be due to phosphorylation and 
dephosphorylation of the polyphosphoinositides or from activation of 
any putative purinergic receptors by ATP. However, since the stimu- 
lations of PLC due to serotoninergic agonists are less robust, [*H]PIP. 
was used as substrate for the construction of their dose-response curves 
and when their effects on GTP7S requirements were examined. 

PIP., PI, CCh, pilocarpine, serotonin, 5-MT, 5-fluorotryptamine, 
tryptamine, ATP and deoxycholate were obtained from Sigma Chemi- 
cal Co. (St. Louis, MO). DA, ketanserin, arecoline, bethanecol and 
oxotremorine-M came from Research Biochemicals Inc. (Nantick, 
MA). GTP7S was purchased from Boehringer Mannheim Biochemicals 
(Indianapolis, IN). Phosphatidylinositol[inositol-2-°H]4,5-bisphos- 
phate (6.7 Ci/mmol) and phosphatidylinositol[myoinositol-2-°H] (5.0 
Ci/mmol) came from Dupont, New Research Products (Boston, MA). 


Results 


Our first goal was to characterize activation of PLC through 
receptors other than muscarinic cholinergic to determine how 
generally applicable this assay might be for studying neuro- 
transmitter action in brain cortex. The dose responses to var- 
ious tryptamine analogs on PIP, breakdown in the presence of 
1 uM GTP¥S are shown in figure 1. All of the analogs effectively 
stimulated PLC. The estimated EC,,. values for serotonin, 
tryptamine, 5-MT and 5-fluorotryptamine were 1.7, 11.2, 15.0 
and 29.4 uM, respectively. The dose-response curves were fit 
to a logistic equation and the resulting Hill coefficients were 
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Fig. 1. PLC stimulation by serotoninergic agonists. High-speed mem- 
branes (100 4g) were incubated for 10 min at 37°C in 10 mM TRIS- 
maleate buffer (pH 6.8) containing 30 uM [°H]PIP2, 1 mM deoxycholate, 
2 mM ATP, 6 mM MgCl, 8 mM LiCl and 3 mM EGTA with appropriate 
CaCl, to yield 0.03 uM free Ca**. Except for basals, assays also 
contained 1 uM GTP7S and the indicated concentrations of serotonin 
analog or 1 mM CCh. Values for picomoles of [°H]PIP: converted to *[H] 
inositol phosphates over 10 min were: basal = 45 + 12, with 0.3 mM 5- 
MT = 53 + 6, with 1 uM GTP7S = 136 + 21, with 1 uM GTPyS + 0.3 
mM 5-MT = 207 + 7 and with 1 uM GTPyS + 1 mM CCh = 349 + 48. 
The results are means + S.E. of three experiments done in triplicate and 
are expressed as percentages of the effect due to 1 uM GTPyS + 1 mM 
CCh minus that of 1 uM GTP7S alone. 


not significantly different from 1. 

The maximal PLC response to the serotoninergic agonists 
was not as great as we have previously reported with muscarinic 
agonists. In most experiments, a control with 1 mM CCh was 
included and the response to 0.3 mM 5-MT was 33 + 1% that 
of CCh (n = 13). This is in keeping with the results others have 
obtained comparing maximal responses of the two systems in 
rat brain cortical slices (e.g., Brown et al., 1984). However, we 
have not found differences in efficacy among the tryptamine 
analogs in contrast to what has been reported in studies of 
intact tissue (Conn and Sanders-Bush, 1985; Kendall and Na- 
horski, 1985). 

The response to 5-MT was blocked by ketanserin but not by 
atropine (fig. 2), whereas the converse was found when CCh 
was used as the agonist. These results indicate that the mem- 
branes retain the integrity of the cortical serotoninergic recep- 
tor with regard to ligand specificities. There was no additivity 
of 0.3 mM 5-MT plus 1 mM CCh on PLC activation. However, 
when 5-MT was present, ketanserin could block some of the 
activation and atropine alone was no longer able to entirely 
block the response. Together, atropine and ketanserin were 
able to completely block the stimulation of PLC induced by 5- 
MT plus CCh. This again indicates that the serotoninergic and 
muscarinic cholinergic receptor systems are distinct. 

The data in figure 3 (left panel), however, show that there is 
no additivity on PLC activation when both 5-MT and CCh are 
present simultaneously, even at submaximal total PLC activa- 
tion. As increasing concentrations of CCh were added to the 
assay in the presence of 0.3 mM 5-MT, there was no apparent 
increase in total PLC activity until a CCh concentration was 
reached which by itself could activate PLC to a level higher 
than that obtainable by maximal (0.3 mM) 5-MT. The data in 
the right panel reveal, though, that as CCh was added from 1 
to 10 uM, less and less of the total response could be inhibited 
by ketanserin. Thus, while not directly inhibitory to one an- 
other, sertoninergic and muscarinic cholinergic receptors 
seemed to compete at the level of G proteins and/or PLC. 
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Fig. 2. Selective inhibition of the GTP7~yS-dependent CCh or 5-MT acti- 
vation of PLC by atropine and ketanserin. High-speed membranes were 
preincubated at room temperature for 15 min without or with 10 uM 
atropine or 10 uM ketanserin or both in 10 mM TRIS-maleate buffer (pH 
6.8) and were then added to tubes containing the complete assay buffer 
for [°H]PIP: (30 uM) breakdown containing 1 uM GTP7S and with 1 mM 
CCh or 0.3 mM 5-MT, or both 5-MT plus CCh. The free Ca** concentra- 
tion was 0.05 uM. Results are means + S.E. of six determinations made 
in two experiments and represent percentages of the response obtained 
with either agonist above that obtained with 1 uM GTP7S alone. The 
values, expressed as picomoles of [*H]PIP, converted to [*H]inositol 
phosphates over 10 min averaged 140 + 12 for basal conditions, 209 + 
9 for 1 uM GTP¥S alone, 280 + 11 for 1 uM GTP7S plus 0.3 mM 5-MT, 
385 + 24 for 1 uM GTPY7S plus 1 mM CCh and 414 + 13 for 1 uM 
GTP-7S plus both agonists. Solid bars, control with agonist(s); open bars, 
+10 uM atropine; horizontal lined bars, +10 uM ketanserin, speckled 
bar, plus both atropine and ketanserin. 


paol of PIP, hydrolyzed 


3 of aaxisua carbachol effect 





-log [CC] 


Fig. 3. Lack of additivity between serotoninergic and muscarinic stimu- 
lation of PLC. High-speed membranes were incubated with 30 uM 
exogenous [°H]PIP2, 0.03 uM free Ca** and 1 uM GTP7YS plus the 
indicated additions. Left panel shows concentration-effect curves for 
CCh in the absence (solid circles) and presence (empty circles) of 0.3 
mM 5-MT, the values being expressed as percentage of the response 
to 1 mM CCh. Right panel shows the effect of submaximal concentrations 
of CCh (0-10 uM) plus 0.3 mM 5-MT, in the absence (empty bars) and 
presence (diagonal bars) of 10 uM ketanserin. The values are expressed 
as picomoles of (°H]PIP2 hydrolyzed above controls run in the presence 
of 1 uM GTP7S alone. Reference control values averaged 61 + 8 pmol 
for basals (no additions), 152 + 11 pmol with 1 uM GTP7S alone, 199 
+ 7 pmol with 1 uM GTP7S plus 0.3 mM 5-MT and 310 + 12 pmol with 
1 uM GTPyS plus 1 mM CCh. Results are means + S.E. of three 
independent experiments carried out in quadruplicate. 
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We compared 5-MT with CCh stimulation of PIP, break- 
down as a function of GTP7S concentration. The data in table 
1 demonstrate that the ECs for GTPyS-dependent PIP, break- 
down is 0.41 + 0.03 uM in the absence and 0.38 + 0.03 uM in 
the presence of 0.3 mM 5-MT. Thus, the effect of 5-MT is to 
increase the maximal PLC response without affecting the ap- 
parent affinity for GTP7S. This is in contrast to the situation 
with the muscarinic agonists. CCh (1 mM) increased both the 
maximal effect and the apparent affinity for GTPyS (ECs) = 
0.12 + 0.02 nM). CCh (0.01 mM) activated PLC to the same 
extent as did 0.3 mM 5-MT (equivalent Ema: values), but CCh 
altered the ECs» for GTPyS (0.22 + 0.02 uM) whereas 5-MT 
did not. When 0.3 mM 5-MT and 1 mM CCh were added 
together, the EC,, for GTP7S was shifted to the same value 
obtained with 1 mM CCh alone (cf. effects of dopamine below). 
Further, pilocarpine and oxotremorine-M induced an apparent 
decrease in the requirement for GTPYS just as did CCh (data 
not shown). This suggests a subtle but fundamental difference 
in the molecular mechanisms coupling muscarinic as opposed 
to serotoninergic receptors to PLC. 

The fidelity of muscarinic agonist specificity in membranes 
was examined by the construction of dose-response curves for 
a variety of agonists as stimulators of PLC. As shown in figure 
4, the rank order of potency for the various agonists was the 
same as has been reported in other studies when PLC activation 
has been assayed in brain cortical slices: oxotremorine-M > 
pilocarpine = arecoline > CCh = bethanechol. However, in the 
membrane assay, all of the muscarinic agonists had full efficacy. 
This is unlike the situation in tissue slices where, as examples, 
arecoline and pilocarpine are best described as partial agonists 
(Fisher and Bartus, 1985; Freedman et al., 1988). Further, 
maximal doses of pilocarpine or arecoline were still as fully 
efficacious as was CCh whether PLC activation was compared 
at 30 uM, 3 uM or 0.3 uM concentrations of GTP7S (data not 
shown). Thus, although retaining proper specificity for the 
agonists, the receptors are in a state which allows their full 
coupling (presumably through G proteins) to PLC in good 
correspondence with the binding potency of the agonist (at 
37°C). 

We have recently described the inhibitory effects of DA, 
working through D1 receptors, on muscarinic stimulation of 
PLC (Wallace and Claro, 1990). The inhibition is found when 
the assays are carried out with low GTP7S concentrations. In 
fact, the effect of DA is to shift (reverse) to higher concentra- 
tions the apparent EC,) for GTP7S in the presence of CCh. 
DA did not affect stimulation of PLC by 5-MT (table 2). As 


TABLE | 


GTP7S dependency of the muscarinic and serotonergic stimulation 
of PIP, breakdown’ 


Basal Ema GTPyS Slope N 

ECso uM 
Control 60+5 176+2 04124+0.03 093+0.08 6 
0.3 mM 5-MT 69+2 248+6 0.38+0.03 0.98+0.06 7 
0.01 mM CCh 68+5 2592418 0.22+0.02* 082+0.06 4 
1 mM CCh 67 +3 363+12 0.12+0.02" 0.71 +0.04 5 


* High-speed membranes were incubated with 1 or 0.01mM carbachol, with 0.3 
mM 5-MT or without agonist in the presence of eight different GTPyS concentra- 
tions ranging from 0.03 to 30 „M. Assays were done with [SH]PIP2 (30 uM) as 
substrate, at a free Ca®* concentration of 0.03 „M. Values are means + S.E. of 
parameter estimates from individual fits derived from the indicated number of 
independent experiments (N) which were run in triplicate. Basal activity in the 
absence of GTPyS and Ema, are expressed as picomoles of (*H]PIP, substrate 
coverted into [*H]inositol phosphates over 10 min. 

* Different from control or 0.3 mM 5-MT (P < 0.05). 
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Fig. 4. Dose-response curves for activation of PLC by muscarinic ago- 
nists. Membranes were assayed for PLC activity with PI (100 uM) as 
substrate at a free Ca** of 0.3 uM in the presence of the indicated 
concentrations of muscarinic agonists and 3.3 uM GTP7S. The results 
are graphed as the percentage of the response obtained with 1 mM 
CCh. Basal activity in picomoles of [°H]PI hydrolyzed over 20 min was 
396 + 107. Breakdown in the presence of 3.3 uM GTPyS was 503 + 
122 and this increased to 862 + 161 in the presence of 1 mM CCh. The 
points are the means + S.E. from three to five experiments performed 
in triplicate. Filled circles, oxotremorine-M; open circles, pilocarpine; filled 
triangles, arecoline; open triangles, bethanecol; filled squares, CCh. 


TABLE 2 


Inhibition by DA of muscarinic cholinergic but not serotoninergic 
stimulation of PLC’ 


GTPyS uM 
Additi 
0.1 0.3 1 
1 mM CCh 12142 239 +62 293 + 80 
1 mM CCh + 200 uM DA 23 + 36" 136 +68 248 +ż 90 
300 uM 5-MT 3+30 10+25 117+ 25 
300 uM 5-MT + 200 uM DA 19+30 35+55 137+ 42 


* Stimulation of PLC in high-speed membranes was assayed with [°H]PI 100 uM 
as substrate. The membranes were equilibrated +200 uM DA before assay in the 
presence of the indicated concentrations of GTP7S, CCh, or 5-MT. Results are the 
means + S.E. from three experiments in triplicate. They are expressed as Apicom- 
oles of PI hydrolyzed over 20 min from the basal value which was 268 + 63 pmol. 
This basal value was not changed by inclusion of 5-MT, CCh, or DA in the absence 
of GTPS. 

* Different from CCh alone (P < 0.05). 


expected, DA blocked CCh stimulation of PLC in the presence 
of 0.1 uM GTP7S. Thus, the specificity of the DA response is 
demonstrated. 


Discussion 


The results of the study presented here help to further 
characterize the assay of agonist-sensitive PLC with exogenous 
substrates in cortical membranes and they demonstrate that 
guanine nucleotide-dependent neurotransmitter/receptor cou- 
pling to PLC is not identical in the cases of the muscarinic 
versus the serotoninergic pathways. CCh shifts to lower con- 
centrations the apparent requirement for GTPyS whereas 5- 
MT does not. This is a subtle difference, but it implies that 
either: 1) the two types of receptors (muscarinic vs. serotoni- 
nergic) couple in different ways to the G protein which is 
involved in PLC activation, or 2) the two types of receptors 
couple to different G proteins. Although having clearly distinct 
effects, 5-MT and CCh did not exhibit additivity for the acti- 
vation of PLC. This implies that they compete at some level 
beyond neurotransmitter-receptor binding for the activation of 
PLC. This type of “competition” is clearly distinct from the 
inhibition of the muscarinic system exerted by DA. 
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DA shifts to higher concentrations the GTP7yS requirement 
for carbachol activation of PLC, whereas 5-MT has no effect. 
Perhaps it is predictable that DA would not have an inhibitory 
effect when combined with 5-MT, because the serotoninergic 
agonists do not affect the apparent affinity of the G protein/ 
PLC system for GTP7S as do the muscarinic agonists. Of 
course, the relevant receptors for DA and 5-MT simply may 
not be physically associated in rat brain cortical membranes. 
Neither muscarinic nor serotoninergic stimulation of PLC in 
membranes is sensitive to pertussis toxin (E. Claro and M. A. 
Wallace, unpublished results). The specificity of the DA effect 
for the muscarinic as opposed to the serotoninergic activation 
of PLC gives credence to the reliability of the assay system. 

The finding that a variety of muscarinic agonists have full 
efficacy in this system although retaining their relative poten- 
cies has some precedent in the work of Wojcikiewicz et al. 
(1990). In that study, arecoline was much more efficacious 
relative to CCh when phosphoinositide breakdown was meas- 
ured in permeabilized SK-SY5Y cells rather than in untreated 
cells. These workers found a clear difference in the ECs for 
CCh when measured with intact vs. permeabilized cells. In the 
study reported here, though, the approximate EC,,. values for 
the muscarinic agonists are close to those reported previously 
for inducing phosphoinositide turnover in rat cortical slices 
(e.g., Freedman et al., 1988, and Forray and E]-Fakahany, 1990). 
Unlike the situation with tissue slices, a non-hydrolyzable GTP 
analog (GTPyS) is used to support neurotransmitter action in 
the cortical membranes and this may affect the coupling effi- 
ciency of the receptor and the G protein. As discussed by 
Wojcikiewicz et al. (1990) GTP and GppNHp have both low 
potency and poor efficacy in broken cell assays of guanine 
nucleotide activation of PLC. Thus, it may be that the binding 
of GTPYS to a G protein (as opposed to other guanine nucleo- 
tides) increases the efficiency of receptor/G protein interac- 
tions, so that “partial” agonists become “full” agonists. 

In the study presented here, we find that arecoline is a full 
agonist at both high and low concentrations of GTP7S, dem- 
onstrating that the shift from a partial to a full agonist state is 
not simply a matter of different guanine nucleotide concentra- 
tions in the intact versus broken cell assays. On the other hand, 
some less-well-defined changes in membrane structure (or flu- 
idity) due to tissue homogenization or to the presence of de- 
oxycholate in our assay may play the more significant role in 
shifting agonist efficacies. Overall, the results indicate that 
assay of PLC activation by neurotransmitters in cortical mem- 
branes with exogenous substrate is a worthwhile tool for looking 
at receptor (or G protein) cross-talk in brain. 
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